I. Introduction
Methods of nonlinear optics are now successfully used in laboratories to extend the tuning range of pulsed lasers with production of intense coherent radiation in VUV spectral region. [1] [2] [3] This range of photon energies covers the domain of electronically excited states of small molecules and photoionization continua of the most of substances, and therefore is of high practical interest. Among different techniques of optical frequencies up-conversion, a four-wave sum-frequency mixing (F W SF M) in metal vapors offers advantage of high efficiency, achieved by using relatively low photon energy and intensity of pump radiation. In turn, this implies utilization of lower-cost optics and laser systems, which is highly beneficial if we consider possible applications. While two tunable lasers are necessary to generate tunable radiation, for some applications like photoionization TOF mass spectrometry, production of very intense VUV light in a narrow spectral range is needed. This last aim has stimulated the present study.
The VUV radiation intensity I vuv in the low field limit and gaussian beams approximation is expressed by
where N is the number density of the nonlinear medium (Hg vapor), χ (3) (−ω vuv , ω 1 , ω 1 , ω 2 )
is the third order nonlinear susceptibility, F (b∆k) is the phase-matching factor, b is the beam confocal parameter, and ∆k = k vuv − 2k 1 − k 2 is the wave vector mismatch between the generated and the incident waves.
Among various factors which can optimize the process efficiency, it seems obvious to increase the atomic density N (which justifies the utilization of heated cells) and to enhance the nonlinear susceptibility χ (3) , mostly by a two-photon resonance. Moreover, nonlinear light production is a sensitive function of pump beam intensities. Therefore, tightly focused configuration is widely accepted in experiments to obtain intense VUV radiation. In this case, achievement of phase-matching becomes a non-trivial problem:
because of the destructive interference between portions of VUV light produced before and after the focal point, the medium must be negatively dispersive at the frequency of the generated VUV. Finally, the intensities I 1 and I 2 may be increased till saturation phenomena start to appear.
Since two decades, several groups, Stoicheff et al., 6 Hilbig et al., 7 Mahon et al., 8, 9 and Smith et al., [10] [11] [12] have studied in detail and demonstrated that, among the metallic species, mercury vapor is an appropriate nonlinear medium to produce the 105-200 nm VUV light. In these first studies, as in more recent works, [13] [14] [15] the mercury is heated (typically to 200
• C) in a specially-designed cell in presence of a buffer gas (He or Ar), and a two-photon resonance enhancement is used to reach a conversion efficiency up to 0.5%. The experimental arrangement is usually composed of two dye lasers pumped by the second harmonic of Nd:YAG laser. One dye laser, frequency doubled (ω 1 ), is adjusted on one of allowed two-photon transitions of atomic mercury, while the other dye laser, with a tunable frequency (ω 2 ), allows the production of tunable VUV coherent radiation at ω vuv = 2ω 1 +ω 2 . (The difference frequency mixing process, which offers broader tuning, has also been considered in these studies).
Summarizing, the low-energetic performance of Hg-vapor based coherent frequency upconversion (P pump ≤ 100 kW) is now well understood. Unfortunately, this is not the case of high pump intensities, where saturation processes appear. Characterization of the last case is of importance, since for many applications VUV power of ≥10 µJ/pulse and even ∼1 mJ is highly desirable. Metallic and particularly mercury vapors as nonlinear media are well suited to generate VUV radiation below a cut-off of the short-wavelength LiF optics (≤11.8 eV) by a two-photon enhanced F W SF M process. However, they are more difficult to handle requiring heat-pipe techniques to reach the conditions of sufficient vapor pressure, together with homogeneity of the nonlinear medium to satisfy phase-matching conditions.
On the basis of these results, we investigated the possibilities offered by mercury vapor for the production of VUV radiation. With the purpose to set up an intense pulsed VUV source, not necessary tunable, but, reliable and easy to handle, we have probed an original solution. In the spectral domain of 125 nm, a sum frequency mixing scheme offers an enhanced efficiency even using only one tunable source of laser radiation (ω −1 dye ' 626 nm). This is due to a nearly double resonance condition in the nonlinear medium: the two-photon resonance (6s 1 S 0 → 7s 1 S 0 ) for doubling dye laser frequency (ω 1 ), and the one-photon resonance (6s 1 S 0 ← 9p 1 P 1 ) for the VUV one (ω vuv = 2ω 1 + 
II. Experimental arrangement and results
Because of the experimental simplification which results from the use of a mercury cell at room temperature, we have focused our attention on an experimental optical arrangement which allows precise measurements of the VUV intensity as a function of the UV and visible pump beam intensities.
The schematic diagram of our experiment is given in fig.3 . A commercial pulsed With the use of a sodium salicylate coated visible photomultiplier, absolute VUV photon measurements were obtained by comparing the signal of the VUV beam with that of the UV beam. The constant relative quantum yield of the sodium salicylate throughout a broad spectral range from 100 nm to 350 nm makes it favorable for intensity calibrations (see e.g. in 16 ). We have introduced a glass plate (cut-off at ∼400 nm) before the visible PMT with the face coated by a thin freshly prepared slab of the phosphor (∼ 100 µm) toward the incident radiation. The system has been carefully calibrated to guarantee the linearity of the photomultiplier response and the rejection of any UV/visible fluorescence and stray lights with use of an additional 125 nm interference filter. Under these conditions, the VUV intensity is just equal to the known UV intensity multiplied by an attenuation factor and the PMT signals ratio. Using 16 mJ visible and 4 mJ UV input laser powers, we have measured ∼ 10 13 photons/pulse (∼ 20 µJ/pulse) for the stronger one of two VUV emissions: the intensity peak at 125.053 nm being roughly 1/3 of that at 125.140 nm. Our value of 10 13 photons/pulse is of the same order of magnitude when compared to other measurements in Hg vapor, 9,7 but we used a much simpler experimental system with only one dye laser and a non-heated Hg cell.
In order to characterize more quantitatively our VUV generation, we have studied the VUV intensity dependence with respect to the pump beam intensities. In the case of 125.140 nm line, when the visible intensity is kept constant and the UV intensity changes, we have observed, as expected from (1), a quadratic dependence only when E uv < 0.5 mJ/pulse: a fit of our experimental points gives I vuv ∝ I 2.08 uv . At higher UV intensity, we have detected principally a linear variation of VUV intensity: I vuv ∝ I 5 ). On the other hand, when the visible intensity rises and the UV intensity is fixed, the VUV intensity deviates progressively from linear dependence, as shown in fig.6 .
Moreover, in contrast to the symmetrical profile of the emission observed at 125.140 nm, the lineshape of the 125.053 nm emission is quite different (see fig.7 ). In fact, for this band, intensity enhancement results from a three-photon resonance rather than from a two-photon resonance and, therefore, the emission profile is expected to be influenced by an absorption.
III. Numerical simulations and discussion
Without saturation effects the VUV intensity dependence would be proportional to I 2 1 I 2 , according to Eq.(1). In fact, for low incident energy we do observe such a variation, but it is clear that the VUV intensity doesn't follow this law when the input intensities are sufficiently high. Besides, the two VUV emissions behave differently. That at 125.140 nm, deviates from the usual law given by Eq.(1) when the UV power increases above 50 kW, whereas the emission at 125.053 nm, displays saturation only when visible power is ≥1 MW. Nevertheless this difference is not completely surprising since these emissions are generated in two different physical situations. Below we shall discuss the two emissions separately. Now we would like to discuss briefly the reason for the efficient 125.140 nm light production. In fact, the restrictions mentioned above are put forward to account for the reduction of efficiency of the nonlinear process, but not to explain its appearance.
A. 125.140 nm emission
Apparently, the process doesn't start from the "cold" mercury, Hg(6s 1 S 0 ). The phasematching condition is not satisfied for the 125.140 nm generation, which is produced in a region of positive dispersion of mercury vapor (low energy side of the 9p 7 could be related to the presence of a buffer gas. We observe indeed a strong suppression of the VUV emission when helium is added. 19 ) In our opinion, the effect is due to the presence of a strong UV field adjusted to the 7s Finally, we would like to point out two consequences, which may result from this proposal. (i) The first is that because of the direct one(UV)-photon photoionization losses from the 7s 1 S 0 level, the VUV intensity can be found linearly dependent on the UV intensity. This is in agreement with our experimental results, and the same effect has been reported earlier in experiments using heated mercury vapor with a buffer gas.
The second is that the generation of the 125.140 nm line (if it is a process of F W SF M)
would display a threshold character. Really, if we suppose that phase-matching conditions are satisfied only when [Hg * (7s
where γ is a UV intensity dependent factor, the VUV coherent field will appear only at I uv ≥ I uv (γ thr ) ≡ I thr . This could be the subject of an experimental verification. A more precise description of the 125.140 nm emission will be given in a foregoing article.
B. 125.053 nm emission
The conditions of observation of the 125.053 nm emission are completely different for several reasons.
(i) The emission is observed in a region of negative dispersion (blue wing of the 9p 1 P 1 level) and can be analyzed in the framework of the usual phase-matching theory developed for focused Gaussian beams.
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(ii) In the vicinity of the 9p 1 P 1 ← 6s 1 S 0 dipole allowed transition, which enhances the nonlinear process, the generated VUV photons can be absorbed by the Hg vapor. This process contributes to the spectral shift of the emission line (from the exact three-photon resonance: ω vuv = 2ω 1 + ω 2 6 = ω 9p 1 P 1 ), which depends on the width Γ 9p 1 P 1 of the 9p 1 P 1 level.
(iii) This emission line is not generated through two-photon resonance and the saturation effect cannot be explained by two-photon absorption. In the non-resonant case, the optical Kerr effect can be the most important limiting process. We have associated the observed saturation of VUV intensity with a change of refractive index induced by the visible light.
These conclusions have been verified with numerical simulations of the emission lineshape as well as with the VUV intensity variation as a function of the visible intensity.
In order to simplify these calculations we have used two main assumptions. (a) We characterize both visible and UV pump laser beams by the smaller confocal parameter b = 1.9 cm, which has been measured for our UV beam. (b) Different factors contribute to the broadening of the 9p 1 P 1 level, which appears in the third-order nonlinear susceptibility term. In addition, the situation is complicated by the contribution of six naturally abundant mercury isotopes. In fact, the isotopic structure of mercury is narrow (δω isotop. ∼0.4 cm −1 ), 22, 11 and the splitting between the different isotopic sublevels is smaller than the Stark broadening induced by the VUV light in our experimental conditions. Really, the Stark broadening can be evaluated from the known dipole moment of the 9p
transition (see below) using the relation 23 ∆ω S = 3.3 10 −4 (I vuv ) 1/2 (where ∆ω S is expressed in cm -1 and I vuv in W/cm 2 ). The estimation gives a value of ∼0.6 cm -1 in our experimental conditions. Therefore, one cannot resolve the isotopic structure, and we have neglected it in our simulations.
The VUV power is given by Eq.(1). In this equation both the nonlinear susceptibility χ (3) (−ω vuv , ω 1 , ω 1 , ω 2 ) and the phase-matching function F (b∆k) are wavelength dependent and need to be written explicitly. In our specific case the χ (3) term can be factored as
For the phase-matching function we shall use the expression given by Lago et al. 21 in the case of a tight-focussed gaussian beam in a uniform nonlinear medium situated between the planes z = −L/2 and z = L/2
where b is the beam confocal parameter. We have taken into account the effect of absorption of the generated VUV light by introducing the complex wave vector
where σ vuv is the absorption cross section. Finally, we have taken into account a correction term δn vuv to the medium refractive index at the VUV frequency induced by intense pump radiation. It is responsible for the optical Kerr effect. Among different contributions, the most important is that induced at the VUV frequency by the visible light intensity, which can be expressed as
where I 20 is the intensity at the focal point, and (we keep only the principal resonant term)
with h9p 1 P 1 | µ |7s 1 S 0 i = 0, 4454693 ea 0 and h9p 1 P 1 | µ |6s 1 S 0 i = 0, 3039320 ea 0 . 12 Finally we put (4) and (5) into relation (3) and integrate over z 00 to obtain the final expression of the phase-matching function.
In the equations given above, refractive indices n i and the absorption cross-section σ vuv can be obtained from the oscillator strengths given by Smith et al. 12 Except for the value of Γ 9p 1 P 1 , all terms in the previous expressions are known or calculable. Therefore, the linewidth Γ 9p 1 P 1 has been taken as the only free parameter to fit the VUV emission lineshape. The best fit with Γ 9p 1 P 1 = 1.05 cm −1 is shown in fig.7 . In fact, as we mentioned above, this value cannot be considered as a pure linewidth of the 9p 1 P 1 level, but rather as an effective parameter which characterizes the integral contribution of mercury isotopes. We obtain (see the above discussion of the line broadening factors) that ∆ω S + δω isotop. = 1.0 cm −1 ' Γ 9p 1 P 1 , which proves our assumption (b). In view of this result one cannot expect to gain in VUV generation efficiency by using an isotopically pure mercury. Because of the lines overlapping at high laser intensity, all isotopes contribute to the VUV signal build-up. This is the first application of our VUV source in a cluster beam experiment. We do not intend to discuss the scientific merit of the results, 26 but rather we would like to demonstrate the performance of our VUV source. For the reason of high energy/pulse and low repetition rate, our VUV source is highly beneficial for studies which involve weak excitation bands and long µs-decays. In this respect it serves to be a supplementary tool to SR (time scale of SR-studies is generally limited by ν −1 ≤ 1 µs). As we see from fig.8 , in this specific domain of experimental conditions the excellent signal-to-noise ratio of ≥ 10 3 is conserved, which is characteristic of best measurements using TCSPC.
IV. Conclusion. TIME µsec
